Cr 3+ ions were found to, respectively, substitute for the tetrahedral and octahedral Fe 3+ ions. The energy values obtained suggest this defect structure to be insensitive to the processing conditions and/or the presence of undetected impurities. The structural and magnetic implications of these defect structures are discussed.
Introduction
Yttrium iron garnet (YIG) of the composition Y3Fe5O12 is an attractive material that has been extensively used in areas such as telecommunication, microwave and magneto-optical recording industries [1, 2] . Figure 1 shows the compound to have bcc unit cell (space group where the brackets refer to dodecahedral, octahedral (a) and tetrahedral (d) sites respectively.
Figure 1 about here
The physical and chemical properties that YIG exhibits are closely related to its crystal structure. YIG is ferrimagnetic with the spins of the Fe 3+ cations at the octahedral and tetrahedral sublattices aligned in opposite directions. Hence the magnetization can be varied by substituting the Fe 3+ cations the solid with magnetic/diamgnetic ones [3] [4] [5] . Consequently, determining the crystal defect structure of cation-doped YIG compounds is of crucial importance in understanding the material's behavior. While both experimental and theoretical investigations
show the location of the doped cations within the YIG structure to largely depend on their sizes [6] , there exist controversial lieterature reports regarding site preferences of some substituted cations. For example, Gilleo and Geller [7] and Kim et al [8] , using experimentally derived data, argue that the substituted Al 3+ ions exclusively substitute the Fe 3+ at the tetrahedral d-sites leading to a lower magnetization relative to that of pure YIG. Their proposed cation distribution viz. is at variance with that deduced from an atomistic simulation study [9] [16] .
Atomistic simulations are increasingly emerging as a powerful tool to optimize and determine defect structures in various inorganic oxides where the interactions between ions can adequately be described by parameterized pairwise potentials [9, [17] [18] [19] [20] [21] [22] [23] [24] [25] . The method has enabled the prediction of defect structures based on ionic size, charge and compensation mechanisms in numerous complex oxide materials including Y3Al5O12 [20] , lithiated Ti-doped α-Fe2O3 [20] , Li0.5Fe2.5O4 [22, 23] , Sb2O4 [24] , and La2CuO4 [25] . In all these studies semi-empirical interatomic potentials were used to predict the cation distribution within the material's anionic crystalline network using a periodic cell to represent the infinite ideal crystal. The output values of input physical properties give a measure of the quality of the simulation when compared with their experimentally-determined counterparts..
In the present paper, we investigate afresh the cationic site-preferance in Al compounds. This will be followed by describing the ab initio approach used. In section 3 we present the results and discuss them to find the energetically most favourable defect structures.
Conclusions are given in section 4.
2.Computational methods:

Atomistic Simulation:
Inter-atomic potential calculations were carried out using the program GULP (Version 4.0) [24] in which the force field used consists of a pairwise interaction energy that is composed of a Buckingham potential to model the short-range Pauli repulsion and the leading term of any dispersion energy and the Coulomb interaction, such that the interatomic potential Vij is
where A, ρ and C are empirical constants, q is the charge of the ionic species and rij the interionic spacing. The electronic polarizability of the ions in the crystal is introduced by means of the shell model [18] . Consequently, the ions are described as consisting of an ionic core (charge X) to which the shell valance electrons (charge Y) is coupled via an isotropic harmonic restoring force of spring constant k. The total ionic charge is q = X +Y and the free electron polarizability is α = Y 2 /k [18] . GULP uses the Mott-Littleton approach to point defect calculation with the crystal surrounding the defect divided into three spherical regions. In the first region, all the ions are treated exactly and are allowed to relax their positions in response to the defect. The radius of this region was taken to be 6 Ǻ. In the second region, whose radius was taken to be 12 Ǻ, the individual ions are displaced. The ions in a harmonic potential well presumably approximate the response to the electrostatic force of the defect. A similar assumption is made for the third region, but only polarization of sub-lattices is considered. The inter-atomic potential parameters shown in Table 1 [18] . . Below, and using Kröger-Vink notation, we present all possible defect reactions considered in the present study for atomistic simulations. It is worth noting that some of these defect reactions were reported experimentally to be the most favorable as mentioned above. The octahedral and tetrahedral sites are referred with the subscripts (d) and (a) respectively. 
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Ab initio DFT calculations
Single point ab initio Density functional theory (DFT) calculations were carried out for the cases that involved doping with the magnetic ions Cr 3+ using the CRYSTAL09 code which is a periodic quantum-mechanical ab initio code for calculating the total-energy-dependent and wave-function-dependent properties of crystalline solids [26, 27] . This code is based on the ab initio periodic linear combination of atomic orbitals (LCAO) methods. Becke 12 Using the interatomic potential parameters given in Table 1 , the calculated lattice energies of α-Fe2O3, Al2O3 and Cr2O3 and the energies of the point defects considered in the Y3Fe5O12 structure are given in Table 2 . The calculated point defect energies, required to calculate the energies of the defect reactions where the dopant ions substitutes for Fe 3+ ions at octahedral and tetrahedral sites, slightly differ from those given by Donnerberg and Catlow [9] even though similar potential parameters were used in both studies. This could stem from a slight difference between the value of the lattice parameter used in our simulation (12.376 Å [15] ) and that used in [9] which was not given. Another reason could be the different radii of the Mott-Littleton regions used in both studies. Specifically in [9] the radius of region 1 was 8.7 Å, whereas in the present study that region was divided into two with radii of 6 Å and 12 Å as explained in 2.1.
The energies given in Table 2 were then used to calculate the energies of the defect reactions ions using atomistic simulations [9] .
To understand the origin of these conflicting defect structure models, one notes ( [16] , the site remained approximately octahedral as is shown in Figure 2 . This is to be contrasted with the effect of substituting the smaller Cr 3+ ion for the larger Y 3+ on the dodecahedral site which led to a considerable distortion of that site as shown in Figure 3 The energies obtained for the defect reactions (b.1-41) for the Al 3+ and Cr 3+ co-doped
Y3Fe5O12 of the composition Y3AlxCrxFe5-2xO12 are given in Table 4 . , (b.1), to be the most likely since its energy is distinctly lower than those of the other defect structures that involve substitution (b.2-4) as well as that of the antisite defect model (b.41) . This, in turn, minimizes the effect of high temperature synthesis and/or the use of the initial reactants with undetected defects in yielding a different defect structure than that described in (b.1). To investigate the effect that cosubstituting with Al 3+ and Cr 3+ will have on the lattice parameter, a 2×2×2 supercell of Y3AlxCrxFe5-2xO12 containing Al 3+ and Cr 3+ in the tetrahedral and octahedral sites, respectively, was optimized. The calculated lattice parameter of that supercell was found to decrease relative to that of Y3Fe5O12 in a trend similar to that reported experimentally [15] as is shown in Figure 4 .
Conclusions
Interatomic potential calculations indicate that in Al
3+
-substituted Y3Fe5O12 the Al 3+ ions preferentially substitute for Fe 3+ at the tetrahedral sites leading to a reduced magnetisation relative to that of Y3Fe5O12 as observed experimentally. The energy of this defect model was found to slightly lower than that of the model where the Al 3+ ions substitute for octahedral Fe 3+ ones suggesting that the latter model could also be possible for samples prepared under elevated temperatures and/or containing undetected point defects as, also, was proposed experimentally.
The CFSE and spin-spin coupling for Cr 3+ ions were found to be decisive in showing the most favourable defect structure for Y3CrxFe5-xO12 to be that in which the Cr 3+ ions substitute for -co-substituted Y3Fe5O12, the impurity Al 3+ and Cr 3+ ions were found to substitute for Fe 3+ at the tetrahedral and octahedral sites respectively. The calculations suggest this defect structure to be stable regardless of the purity of the precursors or the processing conditions used. 
